T cells develop in thymus through a series of tightly regulated steps. The thymic immature CD4^−^CD8^−^ double-negative (DN) T cells develop into CD4^+^CD8^+^ double-positive (DP) and then to CD4^+^CD8^−^ single-positive (SP; CD4SP) or CD4^−^CD8^+^ (CD8SP) thymocytes. The DN cells can further subdivide into the sequential stages DN1 (CD44^+^CD25^−^), DN2 (CD44^+^CD25^+^), DN3 (CD44^−^CD25^+^) and DN4 (CD44^−^CD25^−^). There are several checkpoints in T-cell development.^[@bib1]^ The first occurs at the DN3 stage and is known as *β*-selection. At this point, a properly rearranged T-cell receptor *β* (TCR*β*) chain pairs with pre-TCR*α* (pT*α*) to form the pre-TCR, which signals in a ligand-independent manner to drive proliferation and differentiation to the DP stage.^[@bib2]^ Failure to productively rearrange TCR-*β*, or to transmit pre-TCR signals leads to developmental arrest at the DN3 stage.

Although pre-TCR signaling is necessary for progression through the *β*-selection checkpoint, Notch signals are also required for T-cell development. Notch comprises a family (Notch 1--4 in mammals) of transmembrane receptors.^[@bib3],\ [@bib4]^ Upon interaction with a ligand (members of the Delta-like and Jagged families), two separate proteolytic cleavage events release the intracellular domain of Notch (ICN), which translocates to the nucleus, then results in chromatin remodeling and expression of Notch-target genes. During T-cell development, expression of Notch-target genes is highly regulated. The expression of Notch-target gene is 'on\' at the DN thymic progenitor stage, but is turned 'off\' by the DP stage.^[@bib5],\ [@bib6],\ [@bib7]^ Conditional deletion of Notch1 using Lck-cre transgenics, or inhibition of Notch signaling using an inducible dominant-negative MAML1, results in arrest of T-cell development at the DN3 to DP transition.^[@bib8],\ [@bib9]^ Notch also provides important metabolic functions in DN3 cells.^[@bib10],\ [@bib11],\ [@bib12]^ However, although Notch signaling is required for T cell to progress past the DN3/*β*-selection checkpoint, there is one report that high levels of Notch signaling can also block T-cell development.^[@bib13]^

Fas-associated protein with death domain (FADD) is an adaptor protein critical for the death receptors (DRs) apoptotic signaling.^[@bib14],\ [@bib15]^ For a long time, FADD was known to interact with Fas,^[@bib16],\ [@bib17]^ tumor necrosis factor receptor 1 (TNF-R1), DRs and TRAIL receptors,^[@bib18],\ [@bib19],\ [@bib20],\ [@bib21]^ leading to the recruitment of procaspase-8 and its activation, then consequent apoptosis of the cells.^[@bib22]^ FADD-deficient mouse embryo fibroblasts (MEFs) or Jurkat T cells are completely resistant to apoptosis mediated by anti-Fas agonist antibody (Ab), TNF-*α* or TRAIL.^[@bib20],\ [@bib21],\ [@bib23]^

Although there are in-depth understandings about FADD-mediated apoptotic signaling pathway, relatively little is known about the nature of FADD-dependent non-apoptotic function. One of the major studies on non-apoptotic FADD focused on T lymphocytes using FADD or its mutant transgenic mice. These mice are suggested to fall into three modes: FADD domain-negative mice,^[@bib14],\ [@bib24]^ FADD^−/−^ chimeras in a background devoid of immune system (FADD^−/−^→RAG-1^−/−^)^[@bib23],\ [@bib25]^ and T-cell-specific FADD knockout mice.^[@bib26],\ [@bib27],\ [@bib28]^ Based on studies on these mice, a principal conclusion that FADD is required for T-cell proliferation can be drawn. However, the results gained was controversial among these models, just as FADD deficiency induced a severe thymic development arrest in Lck-cre FADD mice^[@bib26]^ but not in CD4-cre FADD mice^[@bib28]^ or Lck-cre/CD4-cre FADD-EGFP mice.^[@bib27]^ Moreover, the detailed mechanism of how FADD regulates T-cell development still remained unraveled.

To address these questions and also to investigate the essential roles of FADD in T lineage, we produce two Cre/loxP-mediated T-cell-specific FADD knockout mice: CD4-Cre-dependent T-cell-specific FADD knockout mice (CD4-FADD) and Lck-Cre-dependent T-cell-specific FADD knockout mice (Lck-FADD). It is crucial to generate both CD4-FADD mice and Lck-FADD mice simultaneously and comparatively, although the latter has been produced and reported in another study. In this study, we show that deletion of FADD induce increasing apoptosis coupled with activated Notch1 signaling in DN4 thymocytes of Lck-FADD mice. In conclusion, we conclude that FADD deficiency leads to inhibition of T-cell development at the CD4^--^CD8^--^ stage and may be a result of Notch1 signaling activation.

Results
=======

*αβ* Lineage development is partially blocked at the early DN3 stage only in intrathymic deletion of FADD by Lck-Cre but not CD4-Cre transgene
----------------------------------------------------------------------------------------------------------------------------------------------

The floxed FADD mice were bred to Lck-cre/CD4-cre transgenic mice, which initiate deletion as early as the DN2 or DN4 stage of T-cell development. With an efficient T-cell-specific deletion of FADD ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), Lck-FADD mice had a significant reduction in thymus size and thymic cellularity, while there was no significant difference in the thymic cellularity of CD4-FADD mice ([Figures 1a and b](#fig1){ref-type="fig"}). Lck-FADD thymocytes showed an increase in the percentage of DN and a decrease in DP T cells as compared with their littermate controls. In terms of absolute cell numbers, this translated into fewer DP, CD4 SP and CD8 SP thymocytes in Lck-FADD mice, which was observed neither in CD4-FADD nor WT mice ([Figure 1c](#fig1){ref-type="fig"}). Meanwhile, an obvious decrease of DN cells in terms of absolute cell numbers was observed, suggesting that the loss of thymocytes in Lck-FADD mice may be due to a block of differentiation between DN and DP cells. With further analysis of DN thymocytes, there was an accumulation of DN3 thymocytes and a corresponding decrease of DN4 T cells in Lck-FADD mice but not CD4- FADD mice. Although there was no significant effect of FADD deletion on the numbers of DN1--3 thymic subsets, Lck-FADD mice consistently showed a reduction in the number of DN4 cells and an increase in the DN3:DN4 ratio ([Figure 1d](#fig1){ref-type="fig"}). This decrease in the number of DN4 thymocytes accounted for much of the decrease in total DN cells, indicating that the block initiated as cells transited from DN3 to DN4 stage. Unlike the Lck-FADD mice, the absolute number of DN2 and DN3 cells in CD4-FADD mice increased as a result of the accumulation of DN cells, although there was lack of a significant difference between FADD^−/−^ and control DN thymocytes ([Figure 1d](#fig1){ref-type="fig"}). Furthermore, no defect in production of ISP cells and the positive selection was observed in Lck-FADD mice ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Therefore, the absence of FADD may have a greater importance in the DN stage than DP stage. Although *αβ* T-cell development was disrupted, quantification of the thymocyte population demonstrates that there was no reduction in the absolute number of *γδ* T cells, suggesting that *γδ* T-cell development was not arrested in the thymus from Lck-FADD mice ([Figure 1e](#fig1){ref-type="fig"}).

The block at the DN3 to DP transition is not due to loss of pre-TCR signaling
-----------------------------------------------------------------------------

Considering that thymocyte development was arrested only in Lck-FADD mice, coupled with a reduction in percent and absolute number of DN4 cells, we investigated whether deletion of FADD could interfere with the critical pre-TCR checkpoint. DN3 cells can be separated into pre-selection DN3a and post-selection DN3b cells based upon forward scatter and upregulation of CD27 under the control of pre-TCR signaling. Only a mild decrease was observed in the proportion of post-selection DN3b cells of Lck-FADD mice ([Figure 2a](#fig2){ref-type="fig"}). Meanwhile, although the percentage of TCR*β-*positive DN4 cells was obviously reduced, similar levels of TCR*β* was expressed in DN3 cells from WT or Lck-FADD mice ([Figure 2b](#fig2){ref-type="fig"}). Furthermore, Lck-FADD DN4 cells have a similar or greater proportion of cells expressing CD5 and CD69 ([Figures 2c and d](#fig2){ref-type="fig"}). Therefore, the block at the DN3 to DN4 transition upon loss of FADD is not due to abrogation of pre-TCR signaling, but rather may involve the interpretation of the pre-TCR signals.

FADD is required for pre-TCR-mediated survival and proliferation of DN4 thymocytes to bypass the *β*-selection checkpoint
-------------------------------------------------------------------------------------------------------------------------

The decreased number of DN4 thymocytes seen in the absence of FADD suggested that FADD may be required for either pre-TCR-driven cellular survival or expansion. TUNEL staining of thymus showed increased apoptosis in Lck-FADD mice ([Figure 3a](#fig3){ref-type="fig"}). FADD deletion led to an obvious increase in apoptosis in DN4 cells in Lck-FADD mice ([Figure 3b](#fig3){ref-type="fig"}), indicating that the developmental block seen upon FADD deletion was due to defective pre-TCR-mediated survival signals to some degree. Compared with Lck-FADD mice, there is no obvious increase in apoptosis of thymocytes at the DN3 or DN4 stage in CD4-FADD mice ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), suggesting that the increased apoptosis in thymocytes in Lck-FADD mice may result from FADD deficiency during *β*-selection. However, in both mice, DP cells showed a higher percentage of apoptosis compared with WT controls ([Figure 3b](#fig3){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). As the development of thymocytes in CD4-FADD mice remains intact, the increased apoptosis in DP cells may not lead to the severe arrest in Lck-mice, suggesting the defective survival signals in *β*-selection is a main reason for the decrease of DN4 cells. There was an obvious increase in activated caspase-3 after FADD deletion in thymocytes ([Figure 3c](#fig3){ref-type="fig"}). The ratio of necrosis in DN4 cells was small, although there was an increase in thymocytes from Lck-FADD mice ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), showing that the increase in cell death of Lck-FADD DN4 cells may be due to apoptosis other than necrosis. Furthermore, to gain insight into the mechanism of apoptosis after the withdrawal of FADD signals, we examined Lck-FADD thymus for features of apoptotic cells, including caspase activation and loss of mitochondrial membrane potential (ΔΨm). FADD deficiency caused a decrease of pro-caspase-9, suggesting caspase-9 may be cleaved. However, there was only minimal proteolytic processing of procaspase-8 ([Figure 3d](#fig3){ref-type="fig"}). Meanwhile, a greater proportion of DN4 cells showed a loss in (ΔΨm) in Lck-cre cko mice ([Figure 3e](#fig3){ref-type="fig"}). Thus, the coordinate decrease in (ΔΨm) and increase in caspase-9 activation after FADD withdrawal in pre-T cells is consistent with the induction of the cell-intrinsic mitochondrial pathway of apoptosis.

Meanwhile, the EdU incorporation, which is designed to assess pre-TCR-mediated proliferation following *β*-selection, was equivalent in DN3 and DN4 thymocytes of Lck-FADD mice compared with WT controls ([Figure 3f](#fig3){ref-type="fig"}), indicating that developmental block seen upon FADD deletion may be not due to defective proliferation in DN4 cells.

Loss of FADD leads to increases in Notch-target gene expression
---------------------------------------------------------------

In addition to pre-TCR signaling, Notch signaling also has important roles in thymocyte development. Notch1 signals are required at the DN3 stage as T cells do not survive when Notch signals are withdrawn before *β*-selection.^[@bib29]^ CD25, one of Notch1-target genes, expresses abnormally on the surface of DP and SP cells ([Figure 4a](#fig4){ref-type="fig"}, [Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). Notch1 expression highly increased at both transcriptional and translational level in total thymocytes of Lck-FADD mice ([Figure 4b](#fig4){ref-type="fig"}). Increases in Notch1 and its target gene expression were also observed in the DN4 or DP populations as well ([Figures 4c and d](#fig4){ref-type="fig"}). The lack of effect on DN3 for Hes1 and CD25 is likely due to the combination of maximal expression of these genes at this stage of T-cell development.

In order to explore whether the Notch1 signaling pathway was overactivated when FADD was deleted, we overexpressed FADD in WT and FADD^−/−^ MEFs and measured Notch1 expression. The western blotting result showed obvious decrease in Notch1 protein levels in both MEFs when exogenous FADD was added, indicating that the increases in Notch-target gene expression may be due to Notch1 activation induced by FADD deficiency ([Figure 4e](#fig4){ref-type="fig"}).

The increase of NOTCH expression may be correlated with NKAP, a component of the Notch corepressor complex
----------------------------------------------------------------------------------------------------------

Multiple Notch-target genes are co-regulated by E2A and Notch. Pre-TCR signaling increases the expression of Id3, a HLH protein that inhibits E protein activity. We investigate the expression of E2-2 and Id3 in DN3 and DN4 cells to inquire whether the activation of Notch1 was due to the change on Id3 caused by FADD deletion. The Q-PCR result ([Figure 5a](#fig5){ref-type="fig"}) showed that there was no obvious difference of E2-2 or Id3 expression in DN4 and DP cells between WT and Lck-FADD mice, which suggest Id3 may not account for the Notch signaling activation in Lck-FADD mice. We also found normal expression of four ligands, which interact with Notch1 and initiate Notch signaling in Lck-FADD thymus ([Figures 5b--e](#fig5){ref-type="fig"}). Thus, there may be other mechanism leading to increases in Notch1 expression.

The transcriptional repressor NKAP, which associates with CIR, a part of the Notch corepressor complex, was proved to modulate Notch-mediated transcription. In Lck-cre NKAP cKO mice, loss of NKAP blocks development of *αβ* T cells, while DP T cells express 8- to 20-fold higher levels of Hes1, Deltex1 and CD25,^[@bib30]^ which was similar with the phenotype in Lck-FADD mice. Therefore, we investigated the expression of NKAP in thymus of Lck-FADD mice. The result suggested that there was a sharp decrease in thymocytes from Lck-FADD mice compared with the WT mice ([Figure 5f](#fig5){ref-type="fig"}). Moreover, NKAP expression was downregulated at translational level in FADD^−/−^ MEFs or Jurkat cells ([Figure 5g](#fig5){ref-type="fig"}). In order to find the relation between the expression of NKAP and Notch1, MEFs were transfected with a NKAP-specific siRNA and the effects of gene silence were measured using Q-PCR and western blotting. It was observed that the siRNA markedly decreased the NKAP expression at the level of both transcription and translation. Meanwhile, the level of Notch1 was elevated as NKAP gene was silenced, indicating that the Notch1 accumulation may result from loss of NKAP ([Figure 5h](#fig5){ref-type="fig"}).

NKAP associates with FADD
-------------------------

As it was indicated that NKAP interacts with RIP in yeast, we speculated that there may be an interaction between FADD and NKAP. To confirm this hypothesis, 293T cells were transfected with FLAG-tagged FADD, HA-tagged NKAP or vector controls. FADD was found co-immunoprecipitated with NKAP ([Figure 6a](#fig6){ref-type="fig"}). In its initial description, NKAP was found to localize to nuclei in a punctate pattern,^[@bib30]^ while FADD was observed to exhibit concentration in the nucleus of a series of cell lines.^[@bib31]^ HA-NKAP and FLAG-tagged FADD colocalized in a punctate nuclear pattern in 293T cells, while HA is predominantly cytoplasmic and did not localize with FADD ([Figure 6b](#fig6){ref-type="fig"}).

With the investigation that FADD deficiency did not lead to a decreased transcription of NKAP (data not shown), we tried to find out whether the association with FADD may contribute to the stabilization of NKAP. FADD^−/−^ MEFs were transfected with FADD and NKAP, we found obvious increase in NKAP protein levels when exogenous NKAP was added ([Figure 6c](#fig6){ref-type="fig"}). Further, co-expression of NKAP with FADD produced a corresponding increase in the amount of NKAP when FADD protein levels were elevated ([Figure 6c](#fig6){ref-type="fig"}). Meanwhile, co-transfection of FADD with NKAP resulted in the marked recruitment of the FADD to the nuclear and colocalization with NKAP ([Figure 6d](#fig6){ref-type="fig"}). These observations suggested a potential role of FADD in maintaining the stabilization of NKAP by association and colocalization.

Discussion
==========

This study provides genetic evidence for that despite being a death adaptor molecular, FADD is also required for T-cell proliferation and cell cycle progression. It was reported that the lack of proliferation of FADD^−/−^ T lymphocytes results from defective survival rather than defective activation and cell cycle progression.^[@bib32]^ However, according to recent studies, there still remained paradoxical results about the roles of FADD in early T-cell development.

Several mouse lines that direct Cre expression to lymphoid progenitors in the thymus have been established, in which FADD gene was inactivated during different stages of T-cell development. One of the most used models is CD4-cre transgenic mouse, in which the Cre recombinase is not expressed until after the DN3 checkpoint.^[@bib33]^ Between the DN and DP stages, thymocytes would begin to express the transgenic Cre recombinase, which would result in deletion of the target gene and a population of thymocytes that was deficient in target protein.^[@bib34]^ Unlike the CD4 promoter, the Lck proximal promoter becomes most effective in thymocytes starting from the DN3 stage.^[@bib35],\ [@bib36]^ When Lck-cre transgene is introduced, the effective deletion of target gene starts from the DN3 stage and the obvious deletion is often observed from the DN4 stage and onward.^[@bib37]^ Therefore, compared with Lck-cre transgene, the CD4-cre system would allow for an appropriate pre-TCR signal with progression to the DP stage and potentially beyond. As FADD deficiency induced a severe thymic development arrest in Lck-cre FADD mice but not in CD4-cre FADD mice, we think it takes a great importance to produce and to analyze the two types of FADD^−/−^ mice comparatively.

In this article, we generated and compared two Cre/loxP-mediated T-cell-specific FADD knockout mice in which FADD was deleted in different stages of thymocytes. Our observation that FADD deficiency caused a reduction in overall thymocyte numbers and a partial block at the DN-to-DP transition only in Lck-FADD mice demonstrates that FADD has a crucial role in *β*-selection, an important checkpoint occurring from the DN3 to DN4 stage of thymocyte development. Although the percentage of DN3b cells and the expression of TCR *β*, CD25 and CD69 in DN3 cells were not changed in Lck-FADD mice, it showed that the pre-TCR signal may remain intact and the development arrest is likely due to other factors. When focusing on the mechanism inducing the decrease of DN4 cells, a severe apoptosis was observed at the DN4 stage, which may account for the violent cellular decrease (and cannot be rescued by introduction of TCR *β*^[@bib26]^). Although the exact signaling pathway leading to FADD-dependent T-cell proliferation is presently unclear, it was shown recently that the lack of proliferation of FADD^−/−^ T lymphocytes results from defective survival rather than defective activation and cell cycle progression. T cells expressing a dominant-negative form of FADD were shown to enter the cell cycle upon mitogenic stimulation, followed by an arrest of survival associated with progression through the cell cycle.^[@bib32]^ Inhibition of necroptosis using an inhibitor of RIP1 kinase activity rescues the FADD knockout proliferative defect in peripheral T cells of CD4-FADD mice.^[@bib28]^

Several independent lines of evidence indicate that the thymic phenotypes observed in Lck-FADD mice depend upon Notch1 signaling in *β*-selection. First, expression of Notch1 target genes was highly elevated in DN4 and DP cells in Lck-FADD mice, indicating that Notch signaling was abnormally activated. In addition, little phenotype was observed in CD4-FADD thymus. Under the control of CD4 promoter, FADD deletion in thymocytes finished until DP stage and bypassed the *β*-selection checkpoint. This observation reveals that though Notch1 expression also increased in DN4 and DP cells in CD4-FADD mice, it did not affect the thymic development after *β*-selection. Notch1 mRNA increases from early thymocyte progenitor to the DN3a stage and markedly decreases at the DN3b stage commensurate with pre-TCR signaling, then remains low throughout the rest of thymocyte development.^[@bib38]^ Although Notch signaling is required for T cell to progress past the DN3/*β*-selection checkpoint, there is one report that high levels of Notch signaling can also block T-cell development. Rag2-deficient DN3 cells transduced with an ICN1-expressing retrovirus that co-expresses GFP from an internal IRES site develop into DP T cells, but only when low/medium levels of GFP/ICN1 are expressed. In contrast, thymocytes expressing high levels of GFP/ICN1 are developmentally arrested and do not develop into DP thymocytes,^[@bib13]^ indicating that activation of Notch signaling could be partially responsible for the defect in Lck-FADD mice. Similarly, loss of Notch1 degradator Fbxw7 in MEF induced cell cycle arrest and apoptosis that were accompanied by abnormal accumulation of the intracellular domain of Notch1 (NICD1).^[@bib39]^ Furthermore, blocking of thymic differentiation has been previously shown upon deletion of NKAP, a Notch1 transcriptional repressor from DN3 stage.^[@bib30]^ It was stated that NKAP deficiency leads to increases in Notch-target gene expression and blocks *αβ* T-cell development at the DN3 stage, which was also observed in our studies.

Although Notch1 target expression was highly upregulated in DP cells of Lck-FADD mice, there seems no obvious effect on the proliferation or survival. The possible explanation may be that the roles of Notch1 in DP cell development was different from that in DN cells, which could be proved by normal positive selection in DP cells where Notch1 signaling was highly activated.

Besides being cytoplasmic as a DR, the FADD protein is also expressed in the nucleus of many types of cells.^[@bib31]^ It was suggested that its nuclear localization relies on a nuclear localization sequence and a nuclear export signals that reside in the death-effector domain of FADD.^[@bib31]^ The phosphorylation at serine 191 was also found essential for the nuclear localization of mouse FADD.^[@bib40]^ In contrast to pro-apoptotic cytoplasmic FADD, nuclear FADD is implicated in other mechanisms. Constitutive phosphorylation of FADD at serine 191 may lead to its mislocalization in the nucleus of T cells after activation and result in early cell cycle defects.^[@bib41]^ Nuclear localization and high levels of phosphorylated FADD in tumor cells correlates with increased activation of NF-κB.^[@bib42]^ Therefore, FADD could transcriptionally regulate the activation of signaling pathways. However, no DNA-binding motif has been found in the FADD sequence, and thus, it is probable that FADD may bind other proteins to form a functional transcription factor complex rather than binds directly to promoter or enhancer sequences. The NF-κB activator NKAP, which was proved to localize in the nucleus, may be a potential medium to associate with FADD and regulate gene transcription.^[@bib30]^ We have shown that FADD deficiency leads to decreased NKAP expression and abnormal activation of Notch1 signaling pathway in thymocytes. *In vitro* experiments, FADD was observed to associate with NKAP and maintain its stabilization in nucleus, therefore, their disassociation may be involved in downregulation of NKAP. The mechanism of FADD--NKAP interaction and its regulation in thymocytes is under investigating.

Materials and Methods
=====================

Mice
----

The generation and genotypes of FADD^lox/lox^ CD4-Cre and FADD^lox/lox^ Lck-Cre mice were assessed as previously described.^[@bib26],\ [@bib28]^ Briefly, the Tg-FADD/FADD^+/--^ mice were bred again to FADD^−/−^ mice to generate Tg-FADD/FADD^−/−^ mice. The Tg-FADD line that carried the lowest copy number was bred to CD4-Cre/FADD^+/−^ or lck-Cre/FADD^+/−^ animals to generate Tg-FADD/FADD^−/−^/CD4-Cre mice (called CD4-FADD) or Tg-FADD/FADD^−/−^/lck-Cre mice (called Lck-FADD) and their littermate controls (Tg-FADD/FADD^−/−^ or Tg-FADD/FADD^+/−^). The mice were housed in an Association for Assessment and Accreditation of Laboratory Animal Care Jiangsu Province credited SPF animal facility in Nanjing Drum Tower Hospital and all animal protocols are approved by the Animal Care and Use Committee of the School of Life Sciences of Nanjing University.

Plasmids and recombinant DNA
----------------------------

Plasmids of FADD and its mutant were constructed as described.^[@bib43]^ Full-length mouse NKAP cDNA were obtained from NCBI and was generated by PCR amplification, which also introduced restriction sites for subcloning into pRK5HA vector.

Transient transfection and immunoprecipitation assays
-----------------------------------------------------

293T cells were transfected with Lipofactmin2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol. Cells were lysed in 500 *μ*l lysis buffer consisting of PBS supplemented with 2 mM EDTA, 50 mM NaF, 1% NP40 detergent, phosphatase and protease inhibitor cocktails (Sigma, St. Louis, MO, USA), 0.2% SDS and 0.5% sodium deoxycholate. Lysates were incubated on ice for 20 min, and clarified in a microcentrifuge before adding mouse anti-HA Ab for IP (Millipore, Billerica, MA, USA). The anti-Flag and anti-HA Abs used in western blotting were from Sigma and Millipore.

Protein preparation and immunoblotting
--------------------------------------

Protein extracts were prepared by whole-cell lysis with 420 mM NaCl lysis buffer (20 mM Tris, pH 7.5, 0.1% BSA, 1 mM EDTA, 1% Nonidet P-40) supplemented with protease inhibitors. Protein extracts were separated by gel electrophoresis on a SDS-polyacrylamide gel and transferred to a PVDF membrane overnight at 4 °C. Membranes were blocked for at least 1 h in PBS-Tween-5% milk. Abs against Notch1 (Epitomics, Burlingame, CA, USA) were diluted 1/500 in PBS-Tween-5% milk and incubated with the membrane for 2 h at room temperature. Abs against cleaved Notch1-val1744 (Cell Signaling Technology, Beverly, MA, USA) were diluted 1/500 in PBS-Tween 5% BSA and incubated with the membrane overnight at 4 °C. Blots were washed with PBS-Tween 5% BSA and incubated with HRP-conjugated Ab for 1 h at room temperature. Proteins were visualized by incubation with ECL reagent and exposure to film.

Annexin V staining
------------------

For DN thymocytes, thymocytes were harvested, stained with cell surface markers and stained for annexin V according to the manufacturer\'s instructions (BD Biosciences, San Jose, CA, USA). For DP thymocytes, total thymocytes were cultured in serum-free medium (Cellgro COMPLETE; Mediatech, Inc., Manassas, VA, USA) at 37 °C in 24-well plates (2 × 10^6^ cells per well) for 0, 20 h before staining for cell surface markers and annexin V.^[@bib44]^

EdU incorporation studies
-------------------------

Mice were injected intraperitoneally with 100 *μ*g of EdU in PBS. After 4 h, thymi were harvested and single-cell suspensions were prepared and stained for cell surface markers. Cells were then prepared for EdU detection as per the manufacturer\'s instructions.^[@bib45]^

Abs and flow cytometry analysis
-------------------------------

All Abs were from eBiosciences (San Diego, CA, USA) unless otherwise stated. For flow cytometric analysis, the following Abs were used: anti-CD4 (GK1.5), anti-CD8 (53--6.7), anti-CD25 (PC61.5), anti-CD44 (IM7), anti-CD27 (LG.7F9), anti-CD69 (H1.2F3), anti-TCR*β* (H57-597), anti-CD5 (53-7.3), anti-CD24 (M1/69 ) and anti-CD127 (A7R34). Abs were all APC, FITC, PE, PE-cy7 or PE-cy5 conjugates. For staining, cells were plated in tubes at a density of 5 × 10^5^ to 1 × 10^6^ cells per sample. Fluorochrome-conjugated Abs were added to cells and incubated on ice for 30 min. Cells were washed three times, and analyzed by flow cytometry on a FACS Calibur (BD Biosciences) flow cytometer using (Flow Jo, Ashland, OR, USA) software. Pre-TCR stimulation and phosphospecifc flow cytometry was performed as previously described.^[@bib46]^ Isolation of thymic T-cell subsets were performed as previously described.^[@bib47]^

Measurement of ΔΨm
------------------

Isolated thymocytes were surface stained with florochrome-conjugated anti-CD4, anti-CD8, anti-CD44 and anti-CD25 for 30 min on ice and were washed three times with PBS containing 1% BSA. Cells were then incubated for 15 min at 37 °C with 2 *μ*M JC-1 (BD MitoScreen, San Jose, CA, USA) at a density of 1 × 10^6^ cells/ml in 0.5 ml working solution. After two washes, cells were resuspended in 0.5 ml working solution and were analyzed immediately by flow cytometry.

Quantitative RT-PCR
-------------------

DNA or mRNA was isolated from MEF or sorted thymocytes populations. cDNA generated with Superscript II was amplified and used for quantitative real-time RT-PCR (qRT-PCR) analyses for Notch1, Hes1, CD25 and Deltex1, as well as *β*-actin as an internal control. An ABI RT-PCR System (Applied Biosystems, Carlsbad, CA, USA) was used, and error was calculated via the 2-ΔΔCT method.^[@bib48]^

Immunofluorescence microscopy
-----------------------------

Unfixed thymi were embedded in OCT compound (Sakura, Chuo-ku, Tokyo, Japan), cut, fixed in acetone and stained as previously described.^[@bib49]^ The primary Abs used were rabbit anti-FADD (EP887Y), rabbit anti-Notch1 (EP1238Y), rabbit anti-Jagged1 (EPR4290), rabbit anti-Jagged2 (EPR3646) (Epitomics), rabbit anti-NKAP (Sigma), rat anti-CD4 (GK1.5), rat anti-CD8 (YTS169.4), rabbit anti-DL1 (30B11.1(14)), rabbit anti-DL4 (Abcam, Cambridge, MA, USA), rat anti-CD44 (IM7), and biotinylated rat anti-CD25(PC61) (BD Biosciences). Secondary reagents used were Alexa 488-streptavidin, Alexa 488 and Alexa 594-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA). Sections were first blocked for 1 h using 4% goat serum, then labeled with primary Abs followed by the secondary Abs. Nuclear DNA was stained using 4′, 6-diamidino-2-phenylindole (DAPI). Images were then visualized by microscopy (Carl Zeiss Axioplan 2, Göttingen, Germany).

SiRNA and *in vitro* transfection
---------------------------------

The endogenous expression of NKAP of MEF cells was knocked down by transfection with a NKAP-specific siRNAs (5′-GCAGAAGAGAUUAAGUGAAUU-3′) using Amaxa Nucleofector (Lonza, Visp, Switzerland) according to the manufacturer\'s instructions. The effects of the three siRNA were measured using Q-PCR and western blotting. A non-silencing RNA oligo with the sequence 5′-UUCUCCGAACGUGUCACGUTT-3′ (GenePharma, Shanghai, China) was used as a control.
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![FADD deficiency impairs early thymocyte development only in Lck-FADD mice. (**a**) Thymus from a Lck-FADD mice (up, 7 weeks) and CD4-FADD mice (low, 5 weeks) with their littermate controls. Horizontal bar stands for 2 mm. (**b**) Thymic cellularity of Lck-FADD and CD4-FADD mice. Histograms depict the thymus total cellularity. S.D. calculated from five mice. \*\*\**P*\<0.001. (**c** and **e**) Representative flow cytometric analysis of thymus of Lck-FADD (up) and CD4-FADD mice (low) and their littermate control. Thymocytes were stained by using Abs to CD4 and CD8 or TCR*γδ* (*n*\>3). The percentage for each quadrant is displayed in the appropriate quadrant. Each plot represents at least 10 000 events. Histograms showing absolute numbers of thymic populations in the different Tg mice or littermate controls. \*\**P*\<0.01. (**d**) DN thymocytes stained with anti-CD44 and anti-CD25 to identify DN1--DN4 thymocytes from Lck-FADD (up) and CD4-FADD mice (low) with their littermate control (*n*\>3). Absolute numbers of total DN3 and DN4 cells from five Tg mice and four littermate controls were calculated, as in [Figure 1c](#fig1){ref-type="fig"} above](cddis2014198f1){#fig1}

![Pre-TCR signaling is intact in Lck-FADD mice. (**a**) Flow cytometry was performed to analyze the percentage of cells in DN3a (lin^−^CD25^+^c-kit^−^CD27^med^FSC^med^) and DN3b populations (lin^−^CD25^+^c-kit^−^CD27^hi^FSC^hi^). Shown is a representative FACS plot to show gating strategy, with average DN3b percentage calculated from four Tg mice and three littermate controls also shown. Error bars reflect S.E.M. (**b**) Flow cytometry was performed to analyze expression of intracellular TCR*β* (ic TCR*β*) of DN2, DN3 and DN4 cells from Lck-FADD (up) or CD4-FADD (low) mice. Shown are representative data from four independent experiments. \*\*\**P*\<0.001. (**c**) FACS was performed to analyze expression of CD69 expression on the cell surface of DN3 and DN4 cells. Shown are representative data from three independent experiments. Error bars reflect S.E.M. \*\*\**P*\<0.001. (**d**) DN3, DN4 and DP thymocytes were gated as described in [Figure 1](#fig1){ref-type="fig"}. Cell surface CD5 expression and ic TCR*β* expression were analyzed on all subsets. Shown are representative data from three independent experiments. \*\*\**P*\<0.001](cddis2014198f2){#fig2}

![Deletion of FADD affects pre-TCR-mediated apoptosis and proliferation. (**a**) Cryosections of thymi were stained with TUNEL kit and analyzed by immunofluorescence microscopy to detect apoptosis in the thymus of Lck-FADD mice and littermate control. Scale bar: 100 *μ*m. (**b**) Histogram of annexin V staining in gated DN3, DN4 and DP thymocytes from 6- to 8-week-old Lck-FADD mice and littermate control. *n*=4 for each group. (**c**) Cryosections of thymi were stained for cleaved-caspase-3 expression and analyzed by immunofluorescence microscopy to detect caspase-3 activation in the thymus of Lck-FADD mice and littermate control. Scale bar: 100 *μ*m. (**d**) Western blot analysis of caspase-8 (upper panel) and caspase-9 (middle panel) levels in thymocytes obtained from Lck-FADD mice and littermate control. The *α*-tubulin expression served as a loading control (bottom panel). Data are representative of three independent experiments. (**e**) Flow cytometry of JC-1 cationic dye staining of Lck-FADD mice and littermate control to investigate the mitochondrial membrane potential in the absence of FADD. Potential-dependent accumulation of JC-1 in mitochondria is indicated by a shift in fluorescence emission from green (FL-1) to red (FL-2); numbers beside outlined areas indicate the percentage of cells with decreased ΔΨm in the gated area. Shown are representative data from four independent experiments. (**f**) Analysis of DN3, DN4 and DP cell proliferation from 6- to 8-week-old Lck-FADD mice and littermate control by EdU incorporation. Shown are representative data from three independent experiments. Error bars reflect S.E.M.](cddis2014198f3){#fig3}

![Potentiation of Notch-target gene expression in the absence of FADD. (**a**) FACS was performed to analyze expression of CD25 expression on the cell surface of DP, CD4 SP and CD8 SP cells. Shown are representative data from three independent experiments. (**b**) Notch1 western blot (left, *α*-tubulin expression served as a loading control (bottom panel)) and quantitative PCR for Notch1 and its target genes expression of thymocytes from Lck-FADD mice with littermate control (right, *n*\>3, \*\*\**P*\<0.001). (**c**) DN3, DN4 and DP thymocytes from Lck-FADD mice and littermate control were isolated by FACS sorting. mRNA was generated and examined by quantitative PCR for Notch1, CD25, Hes1 and Deltex1 mRNA expression levels, and normalized relative to the sorted wild-type population with the lowest expression of each gene (=1). The data shown are from three Lck-FADD mice and littermate control, each from independent sorts and independent Q-PCR. Error bars reflect S.E.M. (**d**) DN3, DN4 and DP thymocytes from Lck-FADD mice and littermate control were isolated by FACS sorting and stained for FADD and DAPI for immunofluorescence analysis of FADD and Notch1 expression. Pictures were taken on a microscope at × 1200 magnification. (**e**) Immunoblot analysis of Notch1 in WT and FADD^−/−^ MEFs after exogenous FADD was introduced for 24 h. The data shown are from three independent experiments](cddis2014198f4){#fig4}

![The increase of NOTCH expression coupled with decrease of NKAP. (**a**) DN3 and DN4 thymocytes from three wild-type and Lck-FADD mice were isolated by FACS sorting. mRNA was generated and examined by quantitative PCR for E2-2 and Id3 mRNA expression levels, and normalized relative to the sorted wild-type population with the lowest expression of each gene (=1). (**b**--**e**) Cryosections of thymi were stained with Abs and analyzed by immunofluorescence microscopy to detect the expression of FADD, Notch1 and Notch ligands in the thymus of Lck-FADD mice and littermate control. Scale bars: (**b** and **e**) 20 *μ*m; (**d**) 50 *μ*m; (**c**) 100 *μ*m. (**f**) NKAP western blots and immunofluorescence analyze were performed on the thymus of Lck-FADD mice and littermate control. Scale bar: 20 *μ*m. (**g**) NKAP western blots were performed on WT and FADD^−/−^ MEFs or Jurkat cells. Data are representative of three independent experiments. (**h**) MEF cells were transfected with a NKAP-specific siRNA and the expression of NKAP and Notch1 were measured using Q-PCR and western blotting. The data shown are from three independent experiments. \**P*\<0.05, \*\*\**P*\<0.001](cddis2014198f5){#fig5}

![Association and colocalization of NKAP with FADD. (**a**) 293T cells were transfected with HA or HA-NKAP expression plasmids, with either empty vector or FLAG-FADD. The next day, cell extracts were generated and subject to immunoprecipitation with anti-HA. Samples of extracts (WCE) and immunoprecipitates (IP) were analyzed by western blots with either anti-FLAG to examine FADD co-precipitation or anti-HA to assess immunoprecipitation. (**b**) NIH3T3 cells were transfected with either HA or HA-NKAP, in addition to FLAG-FADD expression plasmids. The next day, cells were fixed, permeabilized and stained with rabbit anti-FLAG and mouse anti-HA. DAPI was used to delineate nuclei. In the bottom panel, FLAG and HA are overlaid. Scale bar: 20 *μ*m. (**c**) Western blot analysis of protein expression in FADD^−/−^ MEFs, while exogenous NKAP were expressed alone or co-expressed with FADD. Data are representative of three independent experiments. (**d**) Effect of co-expression with FADD on NKAP expression was studied by immunofluorescence microscopy. FADD^−/−^ MEFs were transiently transfected with HA-NKAP expression plasmids in the absence or presence of FLAG-FADD. At 48 h after transfection, cells were fixed and subjected to immunostaining for analyses. Scale bar: 10 *μ*m](cddis2014198f6){#fig6}
